Context: Joint-position sense (JPS) plays a critical role in the stability of shoulder joint. Restoration of JPS is essential to improve rehabilitation outcomes in individuals with shoulder injury. However, the number of affordable and reliable shoulder-JPS measurement methods for everyday clinical practice is limited. Objective: To estimate reliability and validity of 3 simple shoulder-JPS measurement methods. Design: Cross-sectional study. Participants: 25 healthy men and women. Main Outcome Measure: Absolute-error scores of JPS in 3 ranges of shoulder flexion (low, mid, and high), measured with a laser pointer, an inclinometer, and a goniometer in 2 separate sessions (48 h apart). Results: Overall interrater and intrarater intraclass correlation coefficients were .86 and .78 for the laser pointer, .67 and .70 for the inclinometer, and .60 and .50 for the goniometer, respectively. There was excellent reliability in the low range for the laser pointer and inclinometer methods, but fair to good and poor reliability in mid-and high ranges, respectively. All methods showed strong validity.
Stability in the shoulder joint relies on static (capsule, ligaments, glenoid labrum) and dynamic (muscles around the joint, particularly the rotator-cuff muscles) stabilizers. 1 The relationships between these stabilizing structures are complex; however, the role of dynamic stabilizers could potentially be more important than that of static stabilizers because stability can still be fully achieved by the function of rotator-cuff muscles even when the function of the static stabilizers is impaired (eg, laxity in the capsules and ligaments). 2 This could be due to the tendons of the rotator cuff, which are blending with the ligaments and the glenoid labrum at their sites of attachment so that muscle contraction provides stability by tightening the static tissues. 1 Moreover, cocontraction of dynamic stabilizers and production of coronal and transverse force couples at the level of the glenohumeral joint help stabilization by preventing excessive movements of the head of the humerus out of the glenoid fossa. The coronal force couple, which is produced by cocontraction of deltoid and supraspinatus, and the transverse force couple, which is produced by cocontraction of subscapularis and infraspinatus during shoulder movements, result in a compressive joint-reaction force that keep the head of humerus centered in the glenoid fossa. 3 This stabilizing mechanism is dependent on adequate sensorimotor integration and neuromuscular control. 1 A part of this integration is achieved through proprioception, defined by Sherrington 4 as the afferent information arising from mechanoreceptors located in the muscles, tendons, ligaments, and skin around the joint. Thus, any deficit in proprioception could potentially compromise neuromuscular control and consequently affect stability in the shoulder joint. 5 Lephart and Henry 6 suggested that in the shoulder joint, proprioception deficits can cause instability and that chronic instability can lead to muscular or ligamentous injuries. They also suggested that injury to the muscles or ligaments might damage the proprioceptive receptors in those structures and lead to a secondary injury, developing a vicious cycle that can affect treatment outcomes. Therefore, assessing and monitoring proprioception could not only affect the treatment outcome of injured shoulders but also help to develop preventive strategies for subsequent injuries.
Proprioception is composed of 3 submodalities: joint-position sense (JPS) (the awareness of the position of a joint in space 7 ), movement sense (conscious awareness of movement or detection of movement speed 8 ) , and sense of resistance (the minimum threshold of force detection in the joint 9 ). Various measurement devices have been developed for the assessment of each specific submodality, with a majority focusing on JPS. These devices include isokinetic dynamometers and motiontracking systems. Nevertheless, the mentioned devices are
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time-consuming and require equipment that is expensive. Furthermore, such research equipment is generally not available in physiotherapy or rehabilitation clinics. Currently, the only simple and affordable tool that has been shown to be reliable (ICC = .98) for the measurement of shoulder JPS is the inclinometer, with previous studies reporting its psychometric properties only for shoulder internal and external rotation. 10 This tool is attached to the arm or the wrist and can be used in a protocol where the difference between baseline and reproduced shoulder position is quantified. In addition, in a recent study 11 investigators used a laser pointer to measure JPS in patients with shoulder instability. The laser pointer was attached to the wrist and subjects were asked to reach to a preseen target by flexing or abducting the shoulder with closed eyes. The position of the arm was measured by reading the position of the laser dot on a scale in front of the subject. However, the reliability and validity of this method have not been evaluated. In addition to the laser pointer and inclinometer, the goniometer is a simple and easily available tool that can potentially be used for the measurement of JPS. Goniometer measurements have been shown to be reliable for shoulder range of motion (intrarater ICC = .87-.99 and interrater ICC = .84-.90 for all joint rotations 12 ), but its reliability has not been established for the measurement of shoulder JPS.
Based on the current literature, the number of simple and reliable methods for the assessment of shoulder JPS is limited. While JPS training has become an essential part of rehabilitation programs for shoulder injuries, the limited number of measurement methods may hamper the ongoing assessment of JPS, which is necessary in determining the effectiveness of training and in monitoring patients' improvement. Accordingly, the purpose of this experiment was to estimate interrater and intrarater reliability and validity of 3 simple shoulder-JPS measurement methods in healthy adult subjects: the laser pointer, the inclinometer, and the goniometer methods. We hypothesized that the inclinometer and laser pointer would have a higher reliability than the goniometer, as both are attached to the arm and do not require repeated positioning by the evaluator. This hypothesis was based on the assumption that tools requiring manual involvement of the evaluator should have typically lower reliability than tools not requiring manual involvement.
Methods

Design
A cross-sectional study design was used to estimate the reliability and validity of shoulder-JPS measurement methods.
Participants
Twenty-five healthy volunteers, 14 women and 11 men, 22 right-handed and 3 left-handed (mean age = 31 years, SD = 6.7), participated in this experiment. Subjects were excluded if they had pain, limited range of motion, or any type of injury in the upper extremity or the neck. They were also excluded if they were routinely pursuing a sport (were performing training sessions for at least 3 times/wk) that required overhead shoulder movements (eg, volleyball, basketball, swimming), which could possibly lead them to have exceptionally better JPS acuity than average people. All subjects provided their informed consent before the experiment by signing forms approved by the ethics board of the Center for Interdisciplinary Research in Rehabilitation, Montreal, QC, Canada, where the study took place.
Experimental Procedure
For the assessment of JPS, regardless of the measurement method being used, subjects were asked to actively reproduce different shoulder-flexion angles within 3 different target ranges (low range 55° ± 10°, midrange 90° ± 10°, and high range 125° ± 10°). Therefore, subjects were not reproducing specific, predetermined shoulderflexion angles (eg, exactly 55°, 90°, or 125°). Instead, they were asked to reproduce their previous shoulder angle, which could vary by ±10° around those 3 target angles. This procedure was chosen because during pilot studies, we realized the presence of a carryover effect: After the first trials, subjects would memorize the 3 specific angles and therefore each time they would reproduce the same memorized angle, regardless of the actual angle of the shoulder. In addition, we realized that stopping the subjects exactly at a predefined angle was almost impossible due to the delay between the time that the experimenter would say "stop" and the actual stop point. By allowing a ±10° variation around the predefined angles and also randomizing them, we did not care if subjects stopped at a specific angle (eg, exactly 53 °), as long as they stopped in that specific range (anywhere between 45° and 65°). This procedure provides easier implementation of JPS measurement during clinical practice.
The subjects initially stood still with their arm resting alongside their body and with their eyes blindfolded. At a command, they started to flex their shoulder at a comfortable speed while their elbow remained fully extended and their forearm and wrist in neutral position (thumb facing upward). When the subjects reached one of the predefined position ranges (selected in random order), the experimenter asked them to stop and then maintain their arm at that position for a few seconds while their shoulder-flexion angle was measured. They were then asked to bring back their arm to the starting position and then immediately reproduce the remembered position. Subjects were asked to let the experimenter know when they felt that they had reached the remembered position.
In each testing bout, subjects reproduced 9 positions in total (3 ranges × 3 trials each). There was about 5 seconds rest between trials and 2 minutes between bouts. (The 2-min break was given to prevent muscle fatigue that could negatively affect JPS. Extended breaks were given if subjects still declared muscle fatigue after the 2-min break.) Each bout was assessed separately by 1 measurement method and by 1 evaluator, which were selected in a random order. In total, 6 testing bouts (2 evaluator × 3 method) were performed in the first experimental session. For interrater reliability, each of the 2 evaluators measured the shoulder-flexion angle with each tool separately. The recorded repositioning error, calculated as the absolute value of the difference between the reproduced and reference angles, was then compared between the evaluators. For intrarater (test-retest) reliability, subjects returned within 48 hours after the first session for testing by 1 evaluator (3 testing bouts were performed in the second experimental session).
Laser Pointer
For the laser-pointer measurement method, a light laser pointer was attached to the lateral side of the arm, just above the lateral epicondyle, by means of a wristband. We attached the laser pointer above the elbow to eliminate possible involvements of the elbow joint during the repositioning task. Subjects were asked to stand in front of a vertical (240-cm) scale attached to the wall in front of them. They were then asked to lift and hold their arm in 90° of flexion. In this position, the location of the laser dot on the scale was considered point "0" for the subsequent measurements. While keeping the arm in 90° of flexion, we positioned the subjects so that the vertical distance from the shoulder joint (center of rotation) to point "0" on the scale was equal to the length of the arm plus 10 cm (Figure 1 ). After each arm movement, the experimenter recorded the position of the arm as indicated by the laser dot on the scale. The actual shoulder angle was calculated after the experiment using simple trigonometry, with tan θ (shoulder angle) = opposite side/adjacent side, where the opposite side was the vertical distance from the laser dot and point "0" and the adjacent side was the vertical distance from the shoulder (center of rotation) to point "0" on the scale. The experimenter identified the predefined angle ranges based on the position of the laser dot on the scale. When the laser dot reached a specific angle range, the experimenter would ask the subject to stop. Reading and recording the position of each laser took about 2 seconds.
Goniometer
The procedure for testing JPS with goniometer was similar to that for the laser pointer. When the subjects held their arm at the end of each movement, the experimenter positioned a universal goniometer on the shoulder joint and measured the shoulder-flexion angle. Based on the standard goniometry procedure 13 the axis of the goniometer was placed on the lateral aspect of the center of the humeral head approximately 2.5 cm below the acromion process. The goniometer's stationary arm was positioned parallel to the midaxillary line of the trunk, and its moving arm parallel to the longitudinal axis of the humerus, pointing toward the lateral epicondyle. Measurement of joint angle for each trial lasted about 5 seconds
Inclinometer
A light bubble inclinometer was attached to the lateral side of the arm, just above the elbow with an elastic band. The experimenter stood beside the subject and read and recorded the shoulder angle after each positioning task. Reading of joint angle for each trial lasted about 2 seconds.
Validity of Measurement Methods
We validated the results of the joint-repositioning errors by recording upper-limb movements in 3 dimensions using a Vicon motion-capture system (VICON©, Oxford Metrics Ltd, Oxford, UK). A series of passive reflective markers was fixed on principal anatomical landmarks of the upper limb and trunk according to the Vicon Plug-In Gait upper-extremity model. The landmarks used in our analysis included left and right acromion processes and the lateral epicondyle of humerus in the dominant arm. The validity of the Vicon has been previously established in kinematic measurements, specifically in the measurement of shoulder flexion (r = .94). 14 
Analysis
For each testing bout, the average error within each angle range (55°, 90°, or 125°) was calculated, as well as the overall average error over all 3 ranges. For interrater reliability, the results obtained by 2 evaluators were compared using an intraclass correlation coefficient (ICC). The ICC of each shoulder range was calculated separately with 95% confidence intervals (CIs), and then the overall ICC was calculated. For intrarater reliability, the results obtained in the 2 testing sessions were compared using ICC for each shoulder range and overall. A 2-way random model (ICC 2 ) was used for the calculation of all ICCs. Furthermore, the standard error of measurement (SEM) was calculated for each range and each measurement method using the following formula:
where SD was the average standard deviation of the 2 conditions being compared. From the SEM we also calculated the minimal detectable change (MDC) for a 95% confidence level according to the following formula:
using the Z score associated with a 95% CI (eg, 1.96).
Different guidelines exist for the interpretation of ICC. The one we chose to interpret the result of this experiment is that an ICC value of <.40 indicates poor reproducibility, ICC values in the range .40 to .75 indicate fair to good reproducibility, and an ICC value >.75 shows excellent reproducibility. 15 To test the concurrent validity of the measurement methods, a Pearson product-moment correlation coefficient (r) and 95% limits of agreement were computed to assess the relationship between the JPS error measured through each method and the error recorded by the Vicon motion-capture system. For calculation of joint angle with Vicon, we first defined the arm as a vector based on the position of the markers on the shoulder and elbow. To calculate a pure flexion angle in 1 plane (sagittal plane) and eliminate the abduction component of the movement, we defined the projection of the arm vector onto the true sagittal and frontal planes. We then defined the shoulder-flexion angle by calculating the angle between the arm vector in the sagittal plane and the true frontal plane in a 2-dimensional space. An accepted guideline for interpreting the Pearson correlation coefficient that was used in this study is that r values between .7 and 1.0 indicate a strong correlation, r values between .3 and .7 indicate a moderate correlation, and r values between 0 and .3 indicate a weak correlation. 16, 17 To control for possible body sway forward or backward that would affect the measurements with the laser pointer or inclinometer, we chose the marker located on the acromion process and analyzed its position at the end of each trial using a paired t test. We also compared the position of the acromion marker between the first and last 3 trials to see if time had an effect on the magnitude of body sway, using a paired t test
Results
The average repositioning error obtained with each method measured by each evaluator, as well as the overall average error, is presented in Table 1 . In all testing conditions, the average error was higher in the low range and lower in the midrange.
For interrater reliability, the ICC of each angle range and each method, as well as the overall ICC, is presented in Table 2 . The overall ICC showed that the laser-pointer method had excellent interrater and intrarater reliability (ICC = .86 and .78, respectively), while the inclinometer and goniometer methods showed fair to good interrater and intrarater reliability (interrater ICC = .67 and .50, intrarater ICC = .70 and .60). The SEM was small for all measurement methods, ranging from 0.6° to 1.2°. The MDC95 values were between 1.8° (laser pointer Abbreviations: E, evaluator; S, session. Low range = 45-65°; midrange = 80-100°; high range = 115-135°.
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method) and 3.3° (goniometer method) ( Table 2) . When comparing the ICC between the 3 angle ranges, the results showed that the laser-pointer and inclinometer methods had excellent interrater and intrarater reliability in the low range (interrater ICC = .92 and .84, intrarater ICC = .81 and .75), while that of the goniometer was fair to good (interrater ICC = .0.56, intrarater ICC = .68). For all 3 methods, a fair to good and poor reliability were observed in the midrange and the high range, respectively. Thus, the ICC value decreased as the shoulder angle increased, indicating a lower reliability in all 3 methods for higher shoulder angles. The validity assessment of the measurement methods showed a strong correlation between the repositioning error measured in each method and that measured by the Vicon motion-capture system ( Table 2 ). The mean differences between the error values obtained with each method and the Vicon were minimal and the limits of agreement were narrow ( Table 2) . Comparison of the error measured in each shoulder range and errors recorded with Vicon showed a positive correlation in all 3 shoulder ranges for all 3 methods, with low mean differences and narrow levels of agreement ( Table 2) . The results for the validity assessment are summarized in scatter plots in Figure 2 . Overall, there was a strong, positive correlation for the laser-pointer and inclinometer methods in all 3 ranges, while for the goniometer there was a strong and positive correlation in the low range and midrange and a moderate correlation in the high range.
The analysis of the acromion-marker position indicated an average displacement of 3 mm in the anteroposterior direction, which was not significantly different from zero (t test; SD = 2.8, P ≥ .05). In addition, comparison of the average marker position of the first and the last 3 trials in each bout showed no significant difference (P ≥ .05), confirming that body sway did not increase with time.
Discussion
The objective of this experiment was to estimate the interrater and intrarater reliability and the validity of 
JSR Technical Reports, 2016
3 simple shoulder-JPS measurement methods. The results showed that the laser-pointer and inclinometer methods have excellent reliability in the low range of shoulder flexion (~55°), with the laser-pointer method having a slightly higher reliability. Balke et al 11 used a laser-pointer method in the assessment of shoulder JPS in patients with shoulder instability. However, they did not evaluate the reliability and validity of this method. In addition, they attached the laser pointer to the wrist and used a JPSmeasurement protocol that involved visual memory. In our study, we attached the laser pointer to the arm just above the elbow, to eliminate possible involvement of the elbow joint during the repositioning task. In addition, we chose the second JPS-measurement protocol, which relies mostly on the information from mechanoreceptors, with no involvement of visual memory. The choice to assess the reliability of JPS-measurement methods in 3 different ranges of shoulder flexion was based on the findings of previous studies that had demonstrated different levels of JPS in different shoulder angles and had mentioned that an individual's range of motion should be considered a factor in the measurement of shoulder JPS. Lephart 18 suggests that different populations of slow-adapting mechanoreceptors (Ruffini ending, Ruffini corpuscles, muscle spindle/Golgi tendon organ complex) are only maximally stimulated at specific joint angles, especially at the extreme ranges of joint motion. This hypothesis has been confirmed in both active and passive shoulder-JPS assessments, where the shoulder is positioned in 90° of abduction and is then rotated toward full range of internal or external rotation, [19] [20] [21] causing an increased activity of both capsuloligamentous and musculotendinous mechanoreceptors due to the stretch of capsule, ligaments, and tendons at the end range of motion. However, such an activation pattern of mechanoreceptors seems to be different during unconstrained active shoulder-elevation tasks. Suprak et al 22 found that in an unconstrained active assessment of shoulder JPS, lower errors were made around 90° of arm elevation. The authors concluded that during an active shoulderelevation repositioning task, the afferent information from musculotendinous mechanoreceptors may override the information from capsulotendinous mechanoreceptors, especially around 90° of arm elevation against gravity where muscle contraction is at its maximum and the joint is not at its end range, causing increased activity of mechanoreceptors due to the stretch of the structures surrounding the joint. Later, in another experiment, Suprak 23 found that when the JPS-assessment task was active and unconstrained, even at the end range of motion, JPS was not improved, leading to the conclusion that the role of musculotendinous mechanoreceptors is more predominant than that of capsuloligamentous mechanoreceptors during active repositioning tasks. The pattern of repositioning error recorded in our experiment is consistent with the pattern reported by Suprak et al 22 in a way that repositioning error was lower at midrange (90° ± 10°) than at low range (55° ± 10°) and high range (125° ± 10°). Therefore, it seems that the lower JPS error in the midrange observed in our study was primarily due to the higher activity of musculotendinous mechanoreceptors (GTO and muscle spindle) in the midrange, where a stronger muscle contraction was needed to hold the arm against gravity.
In addition to the signals from peripheral receptors (muscle spindles), we receive positional cues from signals of central origin (sense of effort). 24 The sense of effort is the combination of our perception about the heaviness of objects and the muscle contraction we generate. 25 It is believed that the sense of effort originates from the neural centers upstream of the motor cortex 26 and is integrated with the afferent signals from peripheral receptors to provide an accurate JPS. 27, 28 During an unconstrained active repositioning task against gravity, in addition to the matching of shoulder position based on the information from peripheral receptors, subjects would also match their effort while moving the arm against gravity. This is supported in studies that have estimated the effect of muscle fatigue on repositioning acuity, where the subjects exerted more effort to lift the arm against gravity while their muscles where fatigued and therefore made a significant repositioning error. 29 The lower JPS error in the midrange observed in the current study can be explained by the fact that during shoulder flexion, the effort to lift the arm is at highest in the midrange, when the moment arm of the extended arm about the shoulder joint is its highest. Higher effort in the midrange requires a stronger muscle contraction, which can cause a higher activation of muscle spindles and consequently a lower repositioning error.
The result of this study showed that the laser-pointer and inclinometer methods had excellent intertester and intratester reliability during the low range of shoulder flexion, with the goniometer displaying fair to good reliability. Moreover, all measurement methods displayed lower reliability during midrange and high range. However, all 3 methods were shown to have high validity in all 3 ranges (except for the goniometer, which showed a moderate validity in the high range). This difference between the reliability and validity in higher ranges suggests that the variability for the higher ranges was indeed caused by the variability in subjects' performance, not error in the measurement. Subjects had a constant performance and therefore made a constant error in the low range, causing them to be less variable between the sessions, whereas in higher shoulder ranges, in spite of lower repositioning error, they did not have a constant performance throughout the sessions. This probably led to a higher intersession variability and consequently lower ICC.
The arm movements in this study were done freely without any strapping or fixations, while the subjects were standing still. We did not fix the other joints and the trunk because it is believed that joint or body fixation may provide proprioceptive feedback and therefore influence positioning ability. 30 In addition, we wanted to evaluate reliability and validity of methods that would be easy to replicate in a clinical setting. However, since subjects were blindfolded while standing freely, occasional body sway was a factor that could potentially affect the accuracy of the measurements. In particular, the inclinometer and laser pointer measure the angle of the upper arm in relation to the vertical, not to the orientation of the trunk. To address this limitation, our alternative choice was to test the subjects in a sitting position. If subjects were seated on a chair without a back support, there was still possibility of body sway similar to standing position. Sitting on a back-supported chair, on the other hand, could prevent body sway, but leaning of the scapula on the back support could provide extra proprioceptive information, which could affect the JPS accuracy. In addition, we could not measure low joint angles with the laser-pointer method while subjects were seated, as the laser would then have been pointed to the floor and not to the scale in those low angles. Therefore we chose to test the subjects in standing position. To control for the possible body sway, we asked the subjects to stand with their feet apart, so that they would not lose their balance. We also gave them a break after each testing bout, so that they would not lean forward or backward because of fatigue. In addition, we analyzed the trunk movements with the Vicon motion-capture system and made sure that the subjects did not sway during the assessment, especially during measurements with laser pointer, where the changes in the distance between the shoulder joint and the scale would affect the results. Our analysis later showed that the body sway was minimal (<3 mm on average) and did not have any effect on the measurements.
One of the limitations of this study was in the validity analysis of goniometer method. As explained in the analysis section, we calculated shoulder angles by computing the angle between the arm and the true frontal plane. This measurement was similar to the laser pointer and inclinometer methods, as both methods measure the angle based on the true frontal plane, but different from goniometer method, as it measures the angle between the arm and the trunk. Although we think that a slightly lower validity of the goniometer in the higher range is related to the variability in goniometer placement by the evaluators, this method of measurement might have also have had an effect. The results of this experiment are also limited to the measurement of shoulder JPS in healthy individuals and to the direction of shoulder flexion.
Conclusion
The laser-pointer and inclinometer methods are reliable and valid for the measurement of shoulder JPS during low range of shoulder flexion, with the laser-pointer method having a slightly higher reliability than the inclinometer method. Both measurement methods are affordable and require a simple setup for clinical practice. Having a simple JPS-assessment method in hand may enable clinicians to evaluate the effectiveness of treatments by measuring JPS acuity throughout sessions, which may consequently facilitate the restoration of JPS in injured shoulders.
